Abstract-X-ray Spectra are generated for a tungsten target X-ray source operating at 120 kVp for dose prediction purposes. Disparity is found between the analytical, Monte Carlo and spectroscopic method. It is shown through Thermoluminescent Dosimeter (TLD) dose measurement that the spectroscopic method is most representative of the X-ray source spectrum in use. Effects of such disparity is considered in the context of clinical radiography through human simulation. A similar disparity is also observed in a related Molybdenum target source.
I. INTRODUCTION
There are many areas where accurate prediction of X-ray dose is important. A particularly relevant example is in clinical radiography, where patients are subjected to what is considered a known radiation dose to various sensitive organs. It is common practice to take X-ray spectra dictated by programs such as SpekCalc [3] or through simulation via Monte Carlo techniques such as GEANT4 [1] . This arises as it is often difficult and expensive to accurately characterise the spectrum of an X-ray source whereas modelling software is a simple and fast alternative. These spectra are then used for the simulation of patients or materials in X-ray dose studies. The aim of this investigation was to determine where potential problems of such methods may appear and if there is a potential for errors in dose prediction.
II. METHODS
A Monte Carlo model was developed in GEANT4 to simulate the dose deposited in materials exposed to X-rays for a given X-ray spectrum so that these measures could be compared to experimental measurements and applied to predict doses in materials. To investigate the importance of selecting the correct input spectrum for dose calculations, three different X-ray spectra recreating a SAXG 1701 industrial Xray tube, operating at 120 kVp and 1.2 mA, were determined from different sources. These spectra are shown in Fig. 1 .
The first spectrum, shown in blue, was calculated via SpekCalc. This was generated using 6.44 mm of water to represent the inherent filtration, although the actual filtration Blue -from SpekCalc prediction of 120 kVp with 6.6 mm of H 2 O Filtration, Purple -From simulation in GEANT4 using manufacturer specified filtration, Red -Measured with a CdTe Spectrometer, Green -From GEANT4 Simulation again but with an additional 8 µm of Tungsten filtration involved different elemental composition than is accounted for in SpekCalc, so water was used as the closest alternative. The second spectrum, shown in purple, resulted from a GEANT4 model based on the architecture and specification of the Xray tube used in the experimental phase. This model included firing 120 keV electrons directly at a tungsten target volume surrounded by hollow spheres that represented the inherent filtration, and recording the generated X-rays that escape outside of these spheres. The third spectrum, shown in red, was taken Figure 2 . Graph of the X-ray spectra for the X-tek P141 X-ray Gun Molybdenum X-ray source at UCL, Blue -GEANT4 simulation using the diagram dictated filtration, Red -Measured with a CdTe Spectrometer Figure 3 . Dose recorded by TLDs in experiment and simulations ) for 0 to 1 mm of copper filtration from a direct measurement of the X-ray spectrum using a CdTe spectrometer and undergoing CdTe escape peak corrections. Also shown in Fig. 1 is the Monte Carlo derived spectrum with additional 8 µm of tungsten filtration which matches the measured spectrum more accurately. This additional filtration is used to represent the deposition of evaporated tungsten on the beam exit window, which is considered as a mechanism to explain the difference between the measured and simulated spectra. Fig 2 shows a similar scenario using a molybdenum target X-Tek P141 X-ray gun operating at 28 kVp and 0.5 mA. simulated in GEANT4 and spectroscopically measured. A 10 µm layer of molybdenum was added to simulate anode evaporate accumulation.
To carry out a validation of the accuracy of the spectra, incremental thicknesses of copper (0 to 1 mm) were used to filter the X-ray output of the SAXG X-ray generator. For each thickness, TLDs were exposed for 60 seconds and their dose measurement recorded. This was also simulated in GEANT4 using each of the spectra from Fig. 1 .
Once the model using the measured spectrum had been shown to yield accurate results it was adapted to model the dose delivered to biological tissue. A 3D human model was taken from GEANT4 advanced example 'Human Phantom' [2] , and a simulation of a chest X-ray was carried out using the 120 kVp spectra. The dose delivered to each organ was computed for each of the spectra from Fig. 1 , with each simulation using 10 9 photons so that the dose errors were on the order of 0.01%. This was repeated for the simulation of a mammogram using the spectra in Fig. 2 
III. RESULTS AND DISCUSSION
The TLD exposure results are shown in Fig. 3 . It can be seen that as the filtration increases, the different simulated spectra agree much less with reality, except when using the measured spectrum taken from the spectrometer. It can be said that the measured spectrum is much more accurate at predicting the real X-ray spectrum, and hence dose, in this case. This also shows how dose predictions made using spectra that are slightly different from the real beam will become less and less accurate as the beam penetrates further through a patient or material.
The results from the human phantom simulations are shown in table I. It can be seen, in the chest exposure, that the spectra obtained from SpekCalc and the GEANT4 tube simulation gave an overestimation of the skin dose by up to 17 % and the bone dose by up to 30%. Furthermore, in the mammogram simulations, the GEANT4 simulated spectrum was found to underestimated dose to the breasts by up to 10% compared to the CdTe measured spectrum.
IV. CONCLUSION
It was shown that X-ray spectrum prediction software are not necessarily accurate, due to the assumption of ideal and well defined X-ray generator filtration. A method for such shifts is considered to be additional filtration caused by accumulation of anode evaporate on the X-ray exit window. Such resultant shifts in the output spectrum can lead to significant differences in radiation dose simulation and prediction. These spectrum shifts could lead to inaccurate dose assessment for patients in medical treatment, resulting in errors in calculating the dose delivered to internal sensitive tissue.
